Abstract. The current study observed the effects and investigated the mechanism of remifentanil (RMF) on the isolated cerebral basilar arteries of spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats. A pressure myograph system was used to observe and compare the effects of different concentrations of RMF (10 -10 -10 -5 mol/l) on the diameter changes of freshly isolated cerebral basilar arteries, which have been pre-shrunk by phenylephrine (PE), an endothelium-independent vasoconstrictor. Vascular smooth-muscle cells of the cerebral basilar artery (BASMCs) were freshly obtained via enzymolysis. BKCa (large-conductance calcium-activated potassium channels) current (I BKCa ) and Kv (voltage-gated potassium channels) current (I Kv ) were recorded using a whole-cell patch-clamp technique. The changes in I BKCa and I Kv produced by different concentrations of RMF (10 -10 to 10 -5 mol/l) on the two types of rats with the holding potential of -40 mV were observed and compared. The cerebral basilar arteries of the SHR and WKY rats were relaxed by RMF in a concentration-dependent manner (P<0.05; n=5). At the same concentration, the diastolic effect of RMF on SHR was weaker than that observed in WKY rats (P<0.05, n=5). When the rats were pre-perfused with 10 -3 mol/l of the BKCa channel blocker tetraethylammonium (TEA), the diastolic amplitudes of RMF in SHR and WKY rats were decreased, and the fitting curves shifted down (P<0.05; n=7 and 6, respectively). However, no statistically significant difference was observed with 10 -3 mol/l of the Kv channel blocker 4-aminopyridine (4-AP; n=6 and 9, respectively; P>0.05). Outward currents were increased by RMF in both BASMCs of SHR and WKY rats in a voltageand dose-dependent manner (P<0.05; n=6). At the same concentration, the effect of RMF on the outward currents in BASMCs of WKY rats was stronger than that on SHR (P<0.05; n=6). The enhancing effect of RMF can be partially blocked by either 10 -3 mol/l TEA (P<0.05; n=6) or 10 -3 mol/l 4-AP (P<0.05 or 0.01; n=6 and 9, respectively) however can be totally blocked by the mixture of TEA and 4-AP (P<0.05, n=7). RMF served a diastolic role in the cerebral basilar arteries of rats in a dose-dependent manner, likely by activating the BKCa and Kv channels. However, SHR demonstrated a less pronounced diastolic reaction to RMF than that observed in WKY rats.
Introduction
In China, the incidence of hypertension in surgical patients has reached 20% (1) . In addition, Prys-Roberts (2) identified that hypertension in surgical patients is 24% in Britain. During anesthesia, hypertensive patients, in particular the elderly, are extremely prone to fluctuations in blood pressure. If blood pressure rises or falls by 30% away from the baseline value, this will lead to serious complications (stroke, heart or kidney failure etc.) and even death. Therefore, in the anesthetic management of these patients, particular attention should be given to maintain a stable blood pressure, and analgesics for minimizing fluctuations in blood pressure are very important. Remifentanil (RMF), a new ultra short effect of the µ-opioid receptor agonist, is used for the induction and maintenance of general anesthesia. Loading or maintenance doses of RMF can decrease peripheral vascular resistance, thereby causing hypotension (3) (4) (5) (6) , which may be directly associated with the relaxation of vascular smooth muscles (7, 8) . Unlugenc et al (9) stated that RMF exerted a dilation effect on isolated thoracic aortas of rats. Paris et al (10) demonstrated that the cerebral blood flow velocity was reduced by large doses of RMF. By contrast, Engelhard et al (11) showed that after continuous infusion of RMF, the mean arterial pressure, intracranial pressure, and cerebral blood flow velocity of patients did not change. Thus, the specific mechanisms and effects of RMF on the cerebrovascular system remain unclear. Large-conductance calcium-activated potassium channels (BKCa) and voltage-gated potassium channels (Kv) are two important potassium ion channels in the vascular smooth-muscle cell (VSMC) membrane. When the VSMC membrane potential depolarization occurred, the opening probability of BKCa and Kv channels increased, and the intracellular potassium efflux also increased; the cell then hyperpolarized, the opening of L-type-calcium channel became limited, thereby reducing the calcium influx and decreasing the intracellular calcium concentration, leading to vasodilation (12, 13 ). In the current study, the pressure myograph system and whole-cell patch-clamp technique were used to observe the effects of RMF on the diameter and smooth-muscle cells (SMCs) of isolated cerebral basilar arteries (BAs) of spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats. The effects on the BAs and the mechanisms involved were also investigated to provide a better basis for clinical use of these two groups of patients undergoing cranial operation.
Materials and methods

Animals.
A total of 60 SHR and 60 WKY rats were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing) [Animal certificate of conformity: SCXK (Beijing) 2012-0001, weighing ~200-250 g, aged 16-20 weeks old, male or female]. Rats were housed in separate cages in a specific pathogen-free environment at 24±3˚C, relative humidity of 40-70%, in a 12 h light-dark cycle, and were provided with free access to food and water. All protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at the Medical College of Shihezi University and consistent with the Guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (14) .
Reagents. RMF was purchased from Hubei Yichang People Fook Pharmaceutical Co., Ltd. (batch number, 6141211; Yichang, China). Phenylephrine (PE), acetylcholine (ACh), ethylenediaminetetraacetic acid (EDTA), tetraethylammonium (TEA), 4-aminopyridine (4-AP), collagenase, papain, bovine serum albumin (BSA), DTT, and DMEM culture medium were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). KCl and other reagents were acquired locally. All reagents used in the pressure myograph system and whole-cell patch-clamp technique were prepared using sugar-free physiological saline solution (PSS). Extracellular solution was a stock sample prepared before being further diluted with external solution to achieve the final concentration. The formulas of PSS/saline solution with high kalium and the external solution were in accordance with the literature (15, 16 3 and 5.5 mM glucose. CBA segments were tied to a glass tube using 12-0 nylon monofilament sutures, and placed in a microvascular chamber (Pressure Myograph System; Danish Myo Technology A/S). The chamber was perfused with a physiological solution (pH 7.4, bubbled with 95% O 2 and 5% CO 2 ) and heated to 37˚C. CBA segments were pressurized to a constant transmural pressure of 60 mmHg. The diameter was continuously determined and recorded via video dimension analyzer and the DMT Vessel Acquisition Suite. CBA segments were treated with progressively increasing doses of RMF (10 -4 -10 µM), followed by PE (0.1 mM). The results were evaluated via the changes in vascular diameter recorded on the DMT (17) .
Whole-cell patch-clamp recording. To isolate single SMCs from CBAs, CBAs were incubated in a low-Ca 2+ solution for 20 min containing 142 mM NaCl, 5 mM KCl, 0.05 mM CaCl 2 , 1.0 mM MgCl 2 , 4.0 mM Na-HEPES, 5.0 mM HEPES and 7.5 mM glucose and cut into 1 mm segments and digested with low-Ca 2+ solution containing papain (1 mg/ml), collagenase A (0.5 mg/ml), BSA (1 mg/ml) and DL-dithiothreitol (1 mg/ml) for 10 min at 37˚C. Specific operations were performed according to the literature (18) .
Conventional whole-cell patch-clamp recording was performed using an Axon 700B amplifier (Axon; Molecular Devices LLC) (19) . The pipette had a resistance of approximately 5 MΩ after being filled with internal solution containing 130 mM K-gluconate, 10 mM NaCl, 2 mM CaCl 2 , 1.2 mM MgCl 2 , 10 mM HEPES, 5 mM ethylene glycol-bis (β-aminoethyl ether) N,N',N'-tetraacetic acid and 7.5 mM glucose. The seal resistance commonly reached 1-20 GΩ prior to rupture of the membrane. The membrane current or voltage signals were filtered at 10 kHz and recorded on a computer equipped with a Digidata 1440A AD-interface and pClamp software, version, 10.2 (Axon; Molecular Devices LLC) at a sampling interval of 200 msec.
Statistical analysis. SHR and WKY rats were age-matched to minimize individual differences. The results are expressed as the mean ± standard error. Statistical analysis was performed using the SPSS statistical software package, version 17.0. A two-factor multilevel analysis of variance was used for repeated measurement data, followed by the Neuman-Keuls post hoc test. A two-sample t-test was used between groups, and the paired t-test was applied in the same group. P<0.05 was considered to indicate a statistically significant difference.
Results
CBAs of SHR and WKY rats were relaxed by RMF in a concentration-dependent manner.
Following measuring the activity to be efficient, restoring stability, and pre-shrinking by 10 -4 mol/l PE to steady state, the blood vessel diameters of SHR and WKY rats were 270.11±9.79 and 242±10.27 µm. Subsequent to adding RMF prepared by 10 -4 mol/l PE from low to high concentrations to the chamber, the diastolic range of SHR with 10 -9 to 10 -5 mol/l RMF was identified to be 4.29±1.56, 17.65±2.84, 30.06±6.42, 33.86±7.48 and 29.25±7.28 µm (Fig. 1B) ; compared with the pre-administration phase. Excluding the concentration of 10 -9 mol/l, all concentrations were statistically different (n=5; F=12.98; P<0.05; Fig. 1G ). However, the diastolic amplitude of WKY rats with 10 -10 -10 -6 mol/l RMF was 12.39±7.44, 21.05±9.01, 32.13±14.71, 31.28±13.90 and 29.51±15.52 µm, respectively (Fig. 1A) ; and compared with those not given RMF, a statistical significance was observed in all concentrations (n=5; F=11.81; P<0.05; Fig. 1G ). Subsequent to drawing the dose-response curve, it was identified that the EC 50 values of CBA of SHR and WKY rats relaxed by RMF were (4.32±1.22)x10 -9 mol/l and (3.09±0.58) x10 -10 mol/l, and the difference was statistically significant (n=5; P<0.05) (Fig. 1G) . Compared with WKY rats, the vasodilation rate curve of SHR by RMF shifted right and downwards, which indicated that the relaxation response of BA in SHR to RMF was weaker than that of WKY rats, and the difference was statistically significant (n=5; F=20.34; P<0.01; Fig. 1G ). (Fig. 1C) . Although different concentrations of RMF produced diastolic effects on BAs in a dose-dependent manner, compared with no administration of TEA, the relaxation rate curve of SHR shifted down during 10 -8 -10 -5 mol/l, and a statistically significant difference was identified at the concentrations of 10 -7 and 10 -6 mol/l (n=7; F=15.47; P<0.05; Fig. 1G ). However, the vasodilation rate curve of WKY rats significantly shifted down during 10 -9 -10 -6 mol/l, and the statistical difference was observed with the concentrations of 10 -8 and 10 -7 mol/l (n=6; F=22.36; P<0.05; Fig. 1G ). These indicated that CBA of SHR and WKY rats were relaxed by RMF, which was associated with the opening of BKCa channels. Prior and subsequent to incubation with TEA, the EC 50 value of CBA of SHR relaxed by RMF were (4.32±1.22)x10 -9 mol/l and (7.54±3.17)x10 -9 mol/l, and the difference between them was not statistically significant (n=7; P>0.05; Fig. 1G) ; while the EC 50 value of WKY rats by RMF were (3.09±0.58)x10 -10 mol/l and (2.26±0.55)x10 -10 mol/l, and neither was statistically different (n=6; P>0.05; Fig. 1G ).
RMF relaxed CBA, which was not related to Kv channel.
Following pre-incubation of BA with the mixture of 1 mmol/l 4-AP and 10 -4 mol/l PE for 20 min to a steady state, the diameters of SHR and WKY rats were 257.67±5.36 and 273.93±12.79 µm, respectively. Subsequently, RMF that had been prepared with 1 mmol/l 4-AP and 10 -4 mol/l PE was added to the chamber from a low to high concentration, and it was identified that the diastolic amplitudes of BA of SHR with 10 -9 -10 -5 mol/l RMF were 6.73±0.77, 17.12±4.48, 22.64±4.99, 27.6±5.36 and 26.20±6.07 µm, respectively (Fig. 1F) 29.66±4.53 µm, respectively (Fig. 1E) . Different concentrations of RMF still caused diastolic reactions on the vessels of SHR and WKY rats in a dose-dependent manner. Compared with pre-incubation without 4-AP, the diastolic rate curves of SHR and WKY rats marginally moved down, and no significant difference was observed (n=6 and 9; F=2.13 and 2.59; P>0.05; Fig. 1G ). Prior and subsequent to incubation with 4-AP, the EC 50 values of RMF on BA of SHR were (4.32±1.22)x10 -9 mol/l and (4.12±1.16) x10 -9 mol/l, and the difference between them was not statistically significant (n=6; P>0.05; Fig. 1G ). The EC 50 values of WKY rats produced by RMF were (3.09±0.58)x10 -10 mol/l and (10.75±3.41)x10 -10 mol/l, and neither were statistically different (n=9; P>0.05; Fig. 1G ).
Outward currents were increased by RMF in BASMCs of rats in a voltage-dependent manner.
At 0 to 60 mV, RMF (3x10 -7 mol/l) enhanced the outward currents in BASMCs of SHR and WKY rats in a voltage-dependent manner, however no significant difference at 0 mV was observed ( Fig. 2A) . In addition, the increasing effect of RMF on outward currents in BASMCs of SHR was weaker than for that of WKY rats with the same voltage (Fig. 2B) .
Outward currents were increased by RMF in BASMCs of rats in a dose-dependent manner. Approximately 10
-10 -10 -5 mol/l RMF made outward currents (+60 mV) in BASMCs of SHR increase from 317±33 to 326±30, 363±28, 430±38, 504±32, 572±72 and 619±89 pA, respectively; the outward currents in BASMCs of WKY rats were from 381±68 to 542±49, 632±45, 721±58, 859±69, 1217±19 and 1610±50 pA, respectively. Subsequent to fitting the dose-response curve, the EC 50 values of the enhancing effect of RMF on outward currents in BASMCs of SHR and WKY rats were (9.58±5.1)x10 -8 mol/l and (2.93±1.4)x10 -9 mol/l, and the two exhibited a statistically significant difference (n=6; P<0.01). Compared with pre-administration, the outward currents of SHR were enhanced in a dose-dependent manner, with exception of the concentration of 10 -10 mol/l (n=6; F=13.21; P<0.05). These effects were additionally observed in the WKY rats at all concentrations (n=6; F=21.57; P<0.05). Compared with WKY rats, the increasing effect of RMF on outward currents of SHR was weaker at the same concentration. In addition to 10 -10 , 10 -6 and 10 -5 mol/l, the remaining concentrations had a statistically significant difference (n=6; F=8.65; P<0.05; Fig. 3A) . Fig. 3B presents the comparison of the effect of RMF (3x10 -7 mol/l) on outward currents in BASMCs of SHR and WKY rats, which suggested that the relaxant effect on CBA of SHR by RMF was weaker in WKY rats (n=6; P<0.05).
The enhanced effect of RMF on BASMCs outward current was mediated by the BKCa channel. Approximately 10
-3 mol/l TEA was pre-perfused for 3 min. The mixture of 10 -3 mol/l TEA and 3x10 -7 mol/l RMF was administered. The increasing effect of RMF on BASMCs outward current was partially blocked and outward current (at +60 mV) of WKY rats reduced to 115.15±19.88 pA, which was only 0.44±0.03 times higher than that of the control group (n=6; P<0.05; Fig. 4A ); while outward current of SHR decreased to 83.21±20.69 pA, which was only 0.33±0.02 times higher than that of the control group (n=6; P<0.05; Fig. 4B ); these indicated that the BKCa channel-mediated outward current contributed to the outward current of the BASMCs of SHR and WKY rats induced by RMF (Fig. 4C) . In addition, the inhibition rate of TEA on I BKCa in BASMCs of SHR and WKY rats was 0.67±0.02 and 0.56±0.03, and the difference between them was statistically significant (n=6, P<0.05), which suggested that the influence of BKCa channels in the BASMCs of SHR was more than in WKY rats. 
Enhanced effect of RMF on BASMCs outward current was partially blocked by 4-AP (Kv channel blocker).
Approximately 10 -3 mol/l of 4-AP was pre-perfused for 3 min, and the mixture of 10 -3 mol/l 4-AP and 3x10 -7 mol/l RMF was administered. The increasing effect of RMF on the BASMCs outward current was still partially blocked, and the outward current (at +60 mV) of WKY rats was reduced to 105.12±12.18 pA, which was 0.52±0.04 times greater than that of the control group (n=9; P<0.01) (Fig. 5A) ; while outward current of SHR decreased to 274.96±81.92 pA, which was only 0.36±0.05 times higher than that of the control group (n=6; P<0.05; Fig. 5B) ; these suggested that the outward current of the BASMCs of SHR and WKY rats were enhanced by RMF, and involved the outward current mediated by Kv channel (Fig. 5C ).
Enhanced effect of RMF on BASMCs outward current was totally inhibited by the mixture of TEA and 4-AP.
The mixture of 10 -3 mol/l TEA and 4-AP was pre-perfused for 3 min, and the mixture of 10 -3 mol/l TEA, 4-AP and 3x10 -7 mol/l RMF were administered. The increasing effect of RMF on BASMCs outward current was totally inhibited and outward current (at +60 mV) of WKY rats reduced to 139.69±18.04 pA, which was 0.32±0.034 times higher than that of the control group (n=7; P<0.05; Fig. 6A ); while outward current of SHR decreased to 99.23±27.23 pA, which was only 0.32±0.04 times higher than that of the control group (n=7; P<0.05; Fig. 6B ); these suggested that the enhanced effects of RMF on BASMCs outward current of SHR and WKY rats were completely and collectively mediated by BKCa and Kv channels (Fig. 6C) .
Discussion
In the current study, RMF was observed to relax BA in a concentration-dependent manner, however this can be suppressed by TEA. The results suggested that the relaxant effect of RMF on BA was ascribed to the BKCa channel activity. The whole-cell patch-clamp technique was used to show that RMF enhanced I BKCa and I Kv in BASMCs in a voltage-and dose-dependent manner. In conclusion, RMF served a diastolic role in the basilar arteries of rats, likely via activation of BKCa and Kv channels. The two techniques in the present study demonstrated different responses to the inhibitory effects of 4-AP on vasodilation of the RMF, possibly due to different drug sensitivities at tissue and cellular levels. K + efflux results in smooth-muscle cell membrane hyperpolarization following channel opening, and it additionally limits the opening of the L-type-calcium channel, reducing Ca 2+ influx, decreasing the intracellular calcium concentration, and thus leading to vasodilation (12, 13) . A previous study confirmed that BKCa and Kv channels exist in the BASMCs of rats (16) . Lin et al (20) identified that RMF relaxed human mesenteric arteries by activating BKCa channels in SMCs in a concentration-dependent manner via whole-cell patch-clamp technique, which was in agreement with the results of the current study.
However, in view of the current literature, the effects of RMF on cerebral arteries remain controversial. Paris et al (10) identified that RMF reduced the cerebral blood flow velocity with large doses, however Engelhard et al (11) suggested that the mean arterial pressure, intracranial pressure, and cerebral blood flow velocity of patients remained unchanged following continuous infusion of RMF. The current study demonstrated that RMF relaxed the BA of rats in vitro, and this inconsistency may be attributed to the following: More uncontrollable factors of macro-indicators detected in clinical studies, differences between the species, or possible existence of contraction mechanisms of RMF on BA which remain to be identified. The effect of this contraction mechanism should be greater than the relaxation mechanism, and it should be a new direction for future research.
In addition, two opposite views were presented on the comparison between SHR and WKY rats from local and international studies. Among these views, Liu et al (21) showed that the KCa current density sensitive to IBTX in cerebral artery smooth-muscle cell membrane of SHR was 4.7 times higher than that of WKY rats, and Hu et al (22) identified that the BKCa current density of SHR was 2.5 times higher than that of WKY rats. Other views were represented by Yang et al (23) ; they suggested the functions of BKCa channels in mesenteric artery smooth-muscle cells of Han hypertensive patients. It was observed that whole-cell current density, spontaneous transient outward currents, and the Ca 2+ sensitivity of hypertensive patients were significantly reduced (23) . In the current study, the BKCa channel activity in BASMCs of SHR was higher than those in WKY rats. Yang et al (23) presented a different reason regarding the difference between experimental objects. In the current study, it was concluded that the diastolic effect of RMF on BASMCs of SHR was weaker than that on WKY rats, and this observation may be ascribed to SHR being less sensitive than WKY rats; RMF served a role in SHR via another contraction mechanism, which required further experiments to be confirmed. It was hypothesized that RMF may serve a diastolic role in the BA of normotensive patients and produce an increase in cerebral blood flow, which increases intracranial pressure. When intracranial pressure exceeded 30~40 mmHg, cerebral blood flow declined, and eventually caused cerebral ischemia and hypoxia, which can lead to the formation of brain midline shift or herniation in severe cases (24) . However, the diastolic effect of RMF on cerebral arteries of hypertensive patients was weaker than in normotensive ones, which was more likely to cause serious complications in chronic hypertension patients with risk for ischemia and hypoxia. Therefore, RMF should be carefully used in hypertensive patients with increased intracranial pressure (traumatic brain injury) under anesthesia.
RMF is a new µ-opioid receptor agonist with ultra short effect. Previous studies have indicated that the opioid peptides significantly increased the whole-cell I BKCa and the opening probability of BKCa channels and inhibited Ca + channels of neurons and chromaffin cells through the opioid receptors, which indicated a tight coupling between receptors and channels (25, 26) . In addition, G-protein-coupled receptors can exist in equilibrium with active and inactive states (27) . Consequently, it was hypothesized that RMF was likely to serve an activation effect on BKCa and Kv channels via G-protein-coupled approach, however, the specific mechanisms require further elucidation.
In summary, RMF served a diastolic role in the CBA of rats, likely by activating BKCa and Kv channels in avoltageand dose-dependent manner. SHR demonstrated a weaker diastolic reaction to RMF than WKY rats. These results may provide guidance regarding the two groups, particularly in hypertensive patients undergoing cranial surgery.
